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When optical fiber is deployed in practical engineering, bending and stretching of fiber optics is inevitable, which will

affect optical communication. The fiber losses of different bending radii are simulated by COMSOL software. In order

to verify the accuracy of simulation results, an experiment was designed to measure the losses of single-mode fiber

under different bending radii and tension forces. The results show that the sensitive bending diameter of fiber loss is

between 5 mm and 10 mm. The tensile effect has little influence on the fiber loss, but when the tensile force is greater

than 160 N, the fiber breaks. This study provides an important reference for fiber layout in practical engineering.
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In the 1960s, KONG!" theoretically proved the possibil-
ity of using optical fiber as a transmission medium for
realizing optical communication and predicted the possi-
bility of manufacturing ultra low power optical fiber for
communication. The rapid development of society has
led to an increasing application of optical fiber technol-
ogy, and researchers are paying increasing attention to
the study of optical fiber loss. SHAHA et al® explained
the effects of cladding geometries on hollow core con-
joined-tube negative curvature fibers and offered a modi-
fied negative curvature conjoined-tube fiber with appro-
priate positioning of an additional layer of D-shaped
negative curvature joining the flat bar to reveal attractive
performance compared to recent related existing fibers,
and the results showed the potential of conjoined-tube
hollow-core negative curvature fibers in optical commu-
nication systems. Subsequently, SHAHA et al"® proposed
an anti-resonance hollow fiber without nodes with nested
mixed cladding components, and the distance from the
central layer to the sheath capillary was not great. It has
been shown that the limited loss is less than 0.003 dB/km
in the passband range of 670 nm (0.90—1.57 um).
MOHD ARIF et al'* studied the optical loss in a standard
single-mode step-index fiber due to fiber bending at a
wavelength of 1 550 nm, and the result showed that the
elliptical-shaped flexural configuration produced more
contrast loss than the sinusoidal-shaped configuration at
flexion angles of 180° and 360°. ROMAN et al® per-
formed experiments at different bending radii (from
12.5mm to 0.9 mm) and compared the large bending

losses of standard single-mode fibers with high numeri-
cal aperture thin core fibers, to confirm that thin-core
high numerical aperture fibers can be used for Rayleigh-
based backscattering. LI et al' designed an experiment
to measure the fiber loss spectrum based on the insertion
method, and tested the loss of fibers at different wave-
lengths. The principle and influencing factors of fiber
bending loss were then analyzed!”!, and the flexural
strength and temperature sensing characteristics of the
5 km sensor structure were tested by the Brillouin optical
time domain reflectometer (BOTDR) system. The results
show that the sensor structure has good resistance to
bending and the minimum radius of curvature is
1.25 mm. WU et al® measured the bending loss coeffi-
cient of the single-mode fiber to be 1 550 nm when
wound 1 to 4 times under standard temperature, high
temperature, high humidity, salt fog and vulcanization
conditions, and tested the mechanical strength of the
fiber by tensile method”. WANG et al'” investigated
the influence of structural parameters of optical fibers
(number of air-gap layers in the coating, duty cycle and
fillet diameter) on optical fiber loss. ZHANG et al'!
analyzed the transmission characteristics of single-mode
fiber with different coating materials (acrylate and
polyimide) in a thermal environment under high vacuum
conditions. JIANG et al'"? prepared multi-mode As,S;
calorimeter fibers with different diameters by the extru-
sion method, and measured the loss of the fiber under
different radii of bending. LIAO et al'" tested optical
fiber loss characteristics by modifying the core material
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of the optical fiber. PAN et al''¥ investigated two types
of dissipative soliton resonance and noise-like pulsations,
which have some application value in the fields of opti-
cal sensing and spectral measurement. SUHAIMI et al''”!
studied important transmission characteristics including
confinement loss, effective material loss (EML) and core
power fraction by using the finite element method in
COMSOL multi-physical simulation software, and stud-
ied effective area, bending loss and dispersion character-
istics. ZHU et al'' investigated the micro-bending opti-
cal loss caused by the encapsulation of sensing fiber into
a sandwich glass fiber reinforced structure through ex-
periments and simulations. The results have shown that
the positioning of the fiber in the fiber reinforced struc-
ture of flat woven glass has a significant effect on the
optical loss of mind-bending. WEI et all'”! studied the
fiber loss caused by annealing. This demonstrates that
the loss of the fiber can be irreversibly reduced by multi-
ple cycles of annealing at the temperature of 800 °C. CUI
et al'"® studied the influence of the fusion current on the
fusion loss of fused standard single-mode fiber. They
showed that the change in the fusion current caused a
different degree of core switching and led to different
splice loss noise due to diffusion. ZHANG et al'”! de-
signed a high sensitivity refractive index sensor using
fiber optics and applied it to the detection of glucose. It
was found to have good sensitivity and have a potential
application prospect. CUI et al® used the finite element
simulation method to gain a better understanding of the
flexural sensing characteristics of fiber Bragg gratings,
which provided a benchmark for the design and process-
ing of fiber-optic flexure sensors.

VOS viewer software was used to perform a similarity
analysis of high-frequency terms in article titles and ab-
stracts and to generate a keyword tagging map. Bibli-
ometric analysis was performed in June 2022. This study
conducted the following search of the Web of Science
database: Topic (“Fiber bending loss”) and Topic (“Fiber
tensile loss”) or Topic (“Fiber bending and stretching
loss™) or Topic (“Fiber loss”) and Topic (“Stretch bend-
ing*”). 194 documents were obtained initially.

Keywords co-occurrence analysis shows the most fre-
quently used term in the research field of fiber tensile
bending loss. Keywords co-occurrence diagram of fiber
stretching bending loss (Fig.1) was generated by VOS
viewer software. Each round node in the diagram repre-
sents a keyword, and multiple keywords are connected
by lines. The larger the nodes are, the higher the fre-
quency of keywords is. The closer the distance between
the two keywords, the stronger the correlation. Keywords
co-occurrence network shows four keyword clusters,
representing different subject groups of fiber tensile
bending loss research. Cluster I (blue) represents me-
chanical and thermodynamic properties of fiber. Cluster
II (red) represents the stretching behavior of composite
fibers. Cluster III (yellow) stands for fiber optic applica-
tions in concrete and mechanical properties testing.
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Cluster IV (green) refers to optical fiber stability and
strength.
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Fig.1 Co-occurrence diagram of keywords fiber
bending and stretching loss

Although the aforementioned experiments are suffi-
cient to examine the single factor influence of fiber loss,
there are few researches that address the combined in-
fluence of bending and stretching on fiber loss, which
may happen simultaneously in a practical fiber architec-
ture. The optical fiber losses under various bending radii
and tensile forces of straight pull are tested in this paper
using an optical time domain reflectometer (OTDR) and
the Rayleigh scattering principle. The optical fiber losses
under various bending radii are compared and analyzed
using the interpolation method, which has significant
reference value for the optical fiber layout in actual en-
gineering.

The three main scattering light spectra in optical fibers
are Raman scattering light, Brillouin scattering light, and
Rayleigh scattering light. In optical fiber temperature
sensors, Raman scattering and Brillouin scattering are
frequently utilized. The elastic light effect and the ther-
mal-optical effect in the optical path cause the length and
refractive index of the scattering element at the loss posi-
tion to change when the connection point and breakpoint
loss happen at a specific position of the optical fiber line,
which results in the phase change of Rayleigh scattering
light entering the optical fiber. Fiber loss is the term used
to describe how optical fibers attenuate light wave power.
The main component of fiber loss*'! is scattering loss,
which also includes intrinsic loss, bending loss, docking
boss loss, manufacturing loss, etc. Fiber attenuation co-
efficient, which may be stated as follows, is a common
method for measuring fiber loss characteristics:

10, P
a(z) zflg(ﬁ)y (1)

where 0, is the optical fiber attenuation coefficient, the
wavelength is 4, the unit is dB/km, and L is the length of
the optical fiber to be measured. What’s more, L=2nR,
and R is the bending radius of the optical fiber.

COMSOL simulation software has a clear interface, a
strong ability to build and analyze models, an accurate
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simulation environment, and fast computational speed.
The finite element method described in this paper was
used to numerically simulate single mode fiber bending
loss, and COMSOL Multiphysics software version 5.6
was used to construct the fiber model, in order to accu-
rately simulate and calculate the performance of the fiber
in the real environment, including the mode field distri-
bution, the effective refractive index, the bending loss,
etc. A two-dimensional model was chosen to build the
fiber core and cladding structure as well as the perfect
matching layer, and the parameters were set to split the
grid as illustrated in Fig.2.
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Fig.2 Fiber optic grid division

The fiber geometry and the difference in refractive in-
dex between the core and the cladding vary as a function
of fiber curvature. Below, we show the equivalent refrac-
tive index of the fiber cross-section when the fiber is
positively curved up the X axis*?

n(x,y) =n,(x, ¥)\J1+2x/ R4, 2)
R, =128R, 3)

where no(x, y) represents the initial refractive index of
the fiber without bending, R represents the equivalent
bending radius after the introduction of the elastic optical
correction factor, and R represents the bending radius of
the fiber.

According to Ref.[22], the formula for calculating fi-
ber bending loss is as follows

o= —8.68627“Im(n0ff), (4)

where 1 represents the wavelength, Im represents the
imaginary part, and n.g is the effective refractive index of
the fiber.

OTDR optical power meter is an optical fiber loss
measurement instrument based on Rayleigh backscatter,
which can determine the position of the optical fiber loss
across the light-wave transmission time in the optical
fiber™?%. The measurement range of the optical power
meter is +7.00—70.00 dB. To ensure the accuracy of the
data, the measurement would need to be within 2/3 of the
measurement range, that is, +7.00—44.00 dB. In the
national GB/T7424.2-2002 standard, two kinds of fiber
tensile testing methods are given, namely, mandrel
transfer, fiber wrap on mandrel, and pulley; the second is
straight traction, and the optical fiber through the clamp-
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ing device is fixed. Currently, the most commonly used
type is a hand over type. ZHANG et al®! tested fiber
stretching based on the mandrel transfer type principle,
and could calculate load, displacement, stress, and strain
as well as other fiber stretch parameters. LU et al*!
proved the effectiveness of straight-pull fiber strain
measurement by comparing the two measurement meth-
ods. The optical fiber bending loss is measured here by
the OTDR based optical fiber sensor, and the fiber
stretch loss is measured by a straight line traction. The
equipment used in the experiment included Zeye-410T
optical power meter, APM50 optical power meter, pro-
jectiles force meter (0-200N), several monomodeglass
optical fibers (LC-SC), pliers, slideway, scale, several
customized cylindrical molds with diameters of 5 mm to
40 mm (When the bending diameter is less than 5 mm,
this will lead to inaccuracies due to the greatly increased
optical fiber loss exceeding 2/3 of the optical power me-
ter range, therefore, bending diameters less than 5 mm
are not considered in this paper) and multiple gaskets.
The disadvantages of bare fiber are that it will cause
leakage of light. In addition, if there is a stain attached to
the fiber, it will also cause light leakage®”), which will
introduce a large error into the experiment. For this rea-
son, optical fiber with enclosing wire is selected in the
experiment in this paper. The experimental layout is
shown in Fig.3. The Zeye-410t optical power meter is
used as the emitting light source to emit light with a
wavelength of 1 550 nm. The APMS50 optical power me-
ter is set to receive light source in 1 550 nm mode, as
shown in Fig.4. To avoid damage to the optical fiber, the
gasket is bonded to the bonding location of the optical
fiber during the clamping process. While the other end of
the optical fiber is attached to the pulley track, and the
projectile force meter is hung on the track and an in-
creasing tensile force of 10 N is applied upwards on the
opposite side of the level with the optical fiber. A scale is
used to measure the slideway displacement and read off
the corresponding tensile fiber loss. To measure the sen-
sitivity of the bending loss of the fiber to the winding
radius, the fiber was wound on to the cylinder with di-
ameters of 5 mm, 10 mm, 20 mm, and 40 mm, respec-
tively. Based on this, the fiber was wound on to a cylin-
der with a diameter of 8 mm for one turn in order to in-
vestigate the sensitivity of the tensile loss of the fiber to
fiber curvature.

Fig.3 Layout of straight-pull fiber tensile test
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Fig.4 Optical power meter

According to the theoretical fracture strength of opti-
cal fiber™, the fiber strength ¢ is inversely proportional
to the square root of the crack size c¢. According to Grif-
fith fracture theory, the expression is

o=, )
c
where E is the Young's modulus of the optical fiber, and y
is the surface energy of the sample.
F
5 (6)

Suppose £=72.2 GPa, y=7x10" kg/mm®, ¢=2x10" mm,
and substitute it into Egs.(5) and (6) to get F=203 N1,

The radius of the fiber core is 5 pm, the cladding ra-
dius is 62.5 pm, the thickness of perfect matching layer
is 10 um, the refractive index of the fiber core is 1.445 7,
the refractive index of the cladding is 1.437 8, and the
wavelength is 1 550 nm. As the imaginary part of the
effective index of refraction is 0 when the radius of cur-
vature is less than 10 mm, simulations are only per-
formed for the electric field plots with the radius of cur-
vature of 15mm, 20 mm, 25 mm, and 30 mm. The
non-bending electric field pattern and the 15 mm radius
of curvature are shown in Fig.5. In order to obtain the
effective refractive indexes under different radii of cur-
vature, Fig.6 shows that the corresponding bending loss
is obtained according to Eq.(3).

To determine the sensitivity of fiber loss to wrap ra-
dius in this experimental environment, this study selected
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Fig.5 Electric field diagrams: (a) Non-bending optical
fiber; (b) Bending optical fibers with a radius of 15 mm
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Fig.6 Optical fiber loss simulation results with differ-
ent bending radii

cylinders of 5 mm, 10 mm, 20 mm, and 40 mm, and
wrapped the fiber around the cylinder for a single turn in
order to measure the fiber loss. Fig.7 shows the experi-
mental results.
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Fig.7 Relationship model of fiber bending loss

As shown in Fig.7, the fiber loss and bending diameter
have a power function relationship, and the correlation
coefficient is 0.93, which indicates high accuracy. With a
bending diameter of 5—10 mm, the loss of the fiber
changes significantly, the range of variation is approxi-
mately 2—20 dB, and it is consistent with the changing
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trend in Fig.6, indicating that the simulation results are
accurate. At bending diameters greater than 20 mm, fiber
loss changes very little, nearly 0. For this reason, when
conducting the fiber tension experiment, the winding
diameter was chosen to be 8 mm, and the interpolation
algorithm was used to find that the fiber loss was ap-
proximately 4.3 dB when the winding diameter was
8 mm.

As can be seen from Fig.8, with the increase of tensile
force, the loss of optical fiber barely changes, and the
slight rise is due to the slight bending of the initial opti-
cal fiber. As the pulling force is increased, the optical
fiber is gradually elongated into a horizontal straight line,
and the optical fiber loss is slightly decreased. On the
other hand, when the pulling force is greater than 120 N,
the optical fiber loss increases sharply. At a pulling force
of 160 N, a "bang" noise is heard. If the optical fiber loss
is greater than —44 dB, which exceeds the threshold
value, the optical fiber is considered to be broken. In
Loss 2, when the pulling force is 140 N, the loss of the
optical fiber exceeds the threshold value, which is related
to the flaws in the chosen optical fiber. The average
winding loss of the fiber in a single turn is —5.41 dB
higher than that with no winding, which is very close to
the flexural loss of —4.3 dB measured by the interpola-
tion method, which fully tests the reliability of the ex-
perimental results.
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Fig.8 Relationship model of fiber tensile loss

By comparing Fig.7 and Fig.8, within a certain bend-
ing radius, fiber loss caused by fiber bending is much
larger than the fiber loss caused by fiber stretching,
which fully confirms that the fiber loss is more sensitive
when the bending diameter is 5—10 mm.

Based on the principle of OTDR, Rayleigh scattering
light was used to design fiber loss experiments under
different bending radii and different tensile forces. The
sensitivity of fiber to bending radius and tensile force
was compared and analyzed. It was found that when
bending diameter was from 5 mm to 10 mm, fiber loss
was obvious, up to 20 dB. When the tensile force is small,
the fiber loss is very small. When the tensile force is
greater than 120 N, the fiber loss increases sharply until
the fiber breaks when the tensile force is 160 N, and the

Optoelectron. Lett. Vol.19 No.3

fiber loss exceeds the threshold. The fiber is more sensi-
tive to bending radius (5—10 mm) than to fiber stretch-
ing. In practical engineering, optical fibers are inevitably
stretched and bent. The results of this study provide a
theoretical benchmark for minimizing optical fiber loss
and avoiding damage during fiber optics.
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